SUMMARY A dog model of torsades de pointes (TdP) was developed. Twenty 18-30-kg dogs had cardiopulmonary bypass instituted to maintain stable temperature, perfusion pressure and oxygenation. Quinidine, 30 mg/kg, was then administered and burst ventricular pacing was used to induce arrhythmias. The left anterior descending coronary artery was occluded for 15 minutes and repeat pacing studies were performed. Maps of epicardial activation were made from 27 simultaneously recorded electrograms obtained from 1-mm bipolar electrodes secured to the epicardium with a nylon mesh sock. Arrhythmias in five dogs met criteria for the diagnosis of TdP: All had the characteristic undulating QRS morphology typically associated with TdP, all occurred in the setting of QT prolongation and all ended spontaneously. The epicardial maps demonstrated that each change in QRS morphology was associated with a change in the site of epicardial breakthrough. Those QRS complexes during the transition from one morphology to the next were associated with fusion cycles in which both the old and new sites of epicardial breakthrough were present. In essence, two or more competing activation sequences were vying for control of epicardial depolarization. This conclusion was strengthened by our ability to simulate TdP in the surface ECG and in epicardial maps by simultaneously pacing from two widely separated ventricular sites at slightly different, varying rates.
TORSADES DE POINTES (TdP) is a ventricular arrhythmia seen in the setting of QT prolongation.'-' It has been associated with a wide array of clinical entities, including congenital QT prolongation,5 6 atrioventricular block,3-5, 7quinidine intoxication,8 hypokalemia3-5 9 10 and myocardial infarction. " I Morphologically, it is characterized by an undulating QRS with peaks that appear to rotate gradually around an isoelectric baseline, as if the entire run were housed in a sinusoidal envelope. 12 TdP is also known for its pernicious nature and for its responsiveness to isoproterenoll' 3' 5' 13 and to overdrive suppression pacing. l 3-5 14 The underlying electrophysiology of TdP is not known. When Dessertenne originally described the arrhythmia in 1966 in an 80-year-old female with complete atrioventricular block, he favored the theory that two competitive automatic ventricular pacemakers were alternately controlling the heart.'2 Since then, others have advanced different explanations, but none has provided definitive evidence of the epicardial activation sequence underlying TdP. We developed a canine model of TdP to better define its epicardial activation sequence in a controlled laboratory setting with the aid of epicardial mapping. pass was established by oxygenating right atrial blood and returning it through the rightfemoral artery. Cardiac temperature could be stabilized with the pump oxygenator to 37-38°C. Arterial pressure was monitored from the left femoral artery and stabilized with the pump oxygenator to a mean of60-80 mm Hg. After oxygenation, temperature and pressure were stabilized, quinidine was administered, followed by left anterior descending coronary artery (LAD) occlusion. Arrhythmias were then induced by rapid ventricular pacingfrom one ofthe bipolar pacing electrodes inserted into the ventricular endocardium.
Methods
coated silver wires and plunged through the ventricles with a 19-gauge needle, which was then withdrawn, leaving the silver wires lodged against the endocardium. Electrograms from limb leads I, II and III were then simultaneously recorded at a paper speed of 100 mm/sec and baseline QT intervals were measured as the interval between the earliest QRS deflection and the terminal part of the T wave from the limb lead demonstrating the longest QT interval. Quinidine was administered over 15 minutes at a loading dose of 30 mg/kg, followed by a constant infusion of 5.6 ,ug/kg/ min. This dose was chosen to produce toxic quinidine levels according to known pharmacokinetics modified for expected changes in the volume of distribution as a result of cardiopulmonary bypass.'>20 Blood samples were obtained at the end of the study to determine quinidine levels by photofluorometric precipitation. Burst pacing from the right ventricular outflow tract, the right ventricular apex and the left ventricular free wall near the base was done with eight-beat salvos delivered with a stimulus strength twice diastolic threshold. Stimuli were initially delivered with a cycle length of 250 msec and then decreased in 5-msec decrements until a rapid ventricular arrhythmia resulted or the pacing stimulus failed to capture the ventricle on a one to one basis. If no ventricular arrhythmia could be induced from any of the three pacing sites, the LAD was occluded; after 15 minutes, the pacing protocol was repeated. At the end of the study, QT intervals were again recorded as described above.
Electrocardiographic limb leads I, II and III and 27 bipolar epicardial signals were recorded continuously on a 32-channel FM analog tape recorder (Ampex PR-220). The epicardial potentials recorded during ventricular arrhythmias were played back from the tape recorder, digitized and entered in a computer (Digital Equipment Corporation PDP-1 1/34) as described elsewhere.2' Local activation times at each electrode were determined for each ventricular cycle. The activation times for each bipolar electrogram are preliminarily chosen by the computer and displayed on a Tektronix 4014 graphics terminal. All computer-chosen activation times are then reviewed by the investigator for accuracy. Adjustments can be made by hand if necessary. Once the position of each bipolar electrode is designated on the epicardial map for the computer, isochrones of epicardial activation can be constructed by the computer using previously chosen local activation times. Isochronous maps of epicardial activation can then be displayed on the Tektronix graphics terminal. Details of this analysis have been described.22
In two dogs, TdP was simulated by pacing at different rates from two widely separated endocardial sites. Stimuli were delivered through bipolar plunge electrodes. One electrode was secured at the right ventricular endocardium and the other at the left ventricular endocardium. Each site was paced with a stimulus strength of 2 mA and a pulse width of 4 (fig. 4) . All transitional QRS complexes were associated with epicardial maps that showed fusion of epicardial activation as it spread from the two sites of epicardial breakthrough ( fig. 4C) (fig. 4 ). This simulated TdP had the same morphologic characteristics of that in quinidine-intoxicated, infarcted dogs; that is, simulated TdP showed alternating foci of early epicardial breakthrough and changing patterns of epicardial spread of activation as well as narrow transition complexes.
These observations on the electrocardiographic features of TdP as they relate to epicardial activation are founded on a model that, in part, differs from clinical TdP. It is a complex model that incorporates quinidine administration with coronary occlusion and ventricular pacing in the presence of cardiopulmonary bypass. Although TdP certainly occurs clinically during quinidine administration with resultant QT interval prolongation8'230 and has recently been reported during myocardial infarction," it is a spontaneous rhythm.
Our model differs from the clinical situation in that burst pacing was necessary to induce TdP in four of five dogs. Furthermore, a critical aspect of our protocol was cardiopulmonary bypass. In our experience, open-chested, acutely infarcted dogs are prone to fluctuation in core temperature, blood pressure and cardiac output. The latter two variables can be particularly unstable during multiple runs of ventricular arrhythmias. By stabilizing temperature and hemodynamic variables with cardiopulmonary bypass, ventricular arrhythmias were much more easily sustained and reproducible (Bardy GH et al.: unpublished observations). The fact that some runs of TdP exceeded 160 seconds may in part be attributed to hemodynamic stability provided by cardiopulmonary bypass.
Given that this model has extenuating aspects to it, it nevertheless yielded 19 tachyarrhythmias that by all known electrocardiographic criteria satisfied the definition of TdP. The QRS morphology characteristically changed in an undulating fashion; the arrhythmia terminated spontaneously, distinguishing it from ventricular fibrillation; and the QT interval was prolonged. While it may be hypothesized that TdP occurs by other mechanisms in other situations, this remains to be shown.
Crucial to understanding TdP is whether reentry or automaticity occurs in the localized region that encompasses the arrhythmogenic tissue. However, in our model, this question is not the key determinant for the unusual electrocardiographic finding that has piqued such interest in this arrhythmia. Whatever mechanism gives rise to the different epicardial activation sequences with their different sites of epicardial breakthrough, the QRS morphology is still determined by spread of activation away from the localized region of arrhythmia origin throughout the remaining ventricular muscle.
In our model, observations in simulated and in induced TdP indicate that TdP can be characterized as a ventricular arrhythmia with two or more epicardial breakthrough sites vying for control of epicardial activation. With each change in the earliest site of epicardial activation, a change in QRS morphology can be expected. The narrow transition complexes, or "spindles" that link morphologically distinct QRS complexes, result from fusion of two colliding cycles of epicardial depolarization.
